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We discuss properties of 1−+ exotic meson within the framework of the QCD field-theoretic ap-
proach. We estimate the mass of the lowest-lying 1−+ exotic meson using renormalization-improved
QCD sum rules, and find that the mass lies around 1.26 ± 0.15 GeV, in good agreement with the
pi1(1400) data. This state should be expected in QCD. We find that the mass for the lowest-lying
strange 1−+ meson is 1.31± 0.19 GeV. Our result hints that the K∗(1410) may be the lowest-lying
1−+ nonet state.
PACS numbers: 12.39.Mk, 11.55.Hx, 12.38.Aw, 12.38.Lg
I. INTRODUCTION
Quantum Chromodynamics (QCD) is the presently ac-
cepted theory of strong interactions among quarks and
gluons. Perturbative QCD has been developed in great
detail and tested successfully. However, the physics of
the nonperturbative QCD seems to be a much more dif-
ficult task. The rapid development of the lattice QCD
theory may offer some answers to the nonperturbative
dynamics.
In addition to normal mesons (q¯q) and baryons (qqq),
which can be built up from the naive quark model,
QCD allows the existence of exotic states which can
be glueballs, hybrid mesons (the bound states of q¯qg),
tetraquark mesons (the bound states of q¯qq¯q), and other
multi-parton states. These exotic states, which go be-
yond the description of the naive quark model, can of-
fer the direct evidence concerning confining properties of
QCD.
In the past years possible evidences have accumulated
for the existence of 1−+ exotic states [1]. Now we have
two 1−+ exotic states below 2 GeV. A negatively charged
exotic state, π1(1400), with J
PC = 1−+ was observed
in π−p → ηπ−p [2, 3] and in p¯n → π0π−η [4]. The
corresponding neutral state was reported by the Crystal
Barrel [5] and E852 [6] collaborations in the reactions of
p¯p → π0π0η and π−p → ηπ0n, respectively, where the
decay channel ηπ is isovector and hence cannot be con-
fused with a glueball. Unlike the charged ηπ− channel,
the charge conjugate is a good quantum number in the
neutral ηπ0 system, where the η was detected in its 2γ de-
cay mode [6] and very recently in its π+π−π0 decay mode
in the E852 experiment [7]. The advantage of detecting
the η → π+π−π0 mode over the all-neutral final state is
that the decaying vertex is determined by charged tracks.
The mass of the neutral exotic 1−+ state observed in the
very recent E852 experiment is 1257± 20± 25 MeV [7],
which is lower than the mass 1360±25MeV in the Crystal
Barrel measurement. The world average is 1376±19MeV
[1].
Another observed 1−+ exotic state, π1(1600), has also
attracted much attention. In contrast to π1(1400), the
η′π coupling of this state is unexpectedly stronger than
the ηπ coupling although the phase space favors the lat-
ter. Due to the above property, it was argued that the
π1(1400) may be favored for a four-quark state, while the
π1(1600) may be a hybrid meson [8].
Theoretically, the compositions of observed 1−+ ex-
otic states remain unclear. The flux-tube model [8] and
lattice calculations [9] predict the lowest-lying 1−+ hy-
brid meson to have a mass of about 1.9 GeV. More-
over, the former predicts that the 1−+ hybrid meson
are dominated by b1π and f1π decays in contrast with
the π1(1600) experimental results where the three fi-
nal states b1π, η
′π and ρπ are of comparable strength,
1 : 1.0± 0.3 : 1.5± 0.5 [10].
To evaluate the mass of the lowest-lying 1−+ hybrid
meson in the QCD sum rule approach, in the literature,
people used
Jµ(x) = id¯(x)γαgsG
α
µ (x)u(x) ,
as the relevant interpolating current in the calculation
of the two-point correlation function. The earliest QCD
sum rule calculations were done in Refs. [11, 12], where
the radiative corrections and anomalous dimensions of
Jµ and some operators in operator-product-expansion
(OPE) series were not known. To obtain more precise es-
timate, the radiative corrections, which are sizable, were
then computed in Refs. [13, 14]. Unfortunately, the mass
sum rule result is highly sensitive to the parameter s0
which models the threshold of the excited states, and
does not show s0 stability. Thus, Jin and Ko¨rner conser-
vatively estimate that the mass of the lowest-lying 1−+
hybrid meson is larger than 1.55 GeV [14]. Nevertheless,
Chetyrkin and Narison argue that s0 may lie between 3.5
GeV2 and 4.5 GeV2, so that the mass of the lowest-lying
1−+ hybrid meson is about 1.6 ∼ 1.7 GeV [13].
To clarify the inconsistences in the literature, in the
present work, we study the mass of the lowest-lying 1−+
hybrid meson using the QCD sum rule technique. Instead
of Jµ, we will use
J(x) = nβnµd¯(x)σαβgsG
α
µ (x)u(x) .
Here and in what follows, nµ is a light-like vector, which
satisfies n2 = 0. So far no people adopt the above current
to study the mass of the so-called hybrid meson. The
2reason that we use J is because the residue for J coupling
to the 1−+ hybrid meson determines the normalization
of the twist-3 light-cone distribution amplitude (LCDA)
of the lowest-lying 1−+ meson, while, for Jµ, the residue
corresponds to the normalization of twist-4 LCDA. For a
relevant reaction, the amplitude related to Jµ is relatively
suppressed by m/Q, as compared with that due to J ,
where Q corresponds to the scale of the reaction and m
is the mass of the 1−+ meson. Thus J may be more
suitable to use to study the lowest-lying 1−+ meson than
Jµ.
Note that the renormalization(RG)-improvement is al-
ways necessary in the method of QCD sum rules because
the hadronic mass is determined by the maximum stabil-
ity of the sum rule within the Borel window, where the
Borel mass is actually the renormalization scale. Unlike
the vector current q¯γµq which satisfies the current con-
servation and is scale-independent, J as well as Jµ is a
scale-dependent operator, similar to the baryonic cases
[15, 16], and its anomalous dimension may result in sig-
nificant improvement in the QCD sum rule result.
The rest of this paper is organized as follows. In Sec. II,
we make a brief description of LCDAs for the 1−+ exotic
meson in language of the QCD field theory. The LCDAs
play an essential roˆle in the QCD description of hard
exclusive processes. Using the QCD sum rule technique
and adopting the current J , in Sec. III we are devoted to
the calculation of the mass sum rule of the lowest-lying
1−+ meson. To clarify the discrepancy between our result
and those given in the literature, we revisit the previous
QCD sum rule studies in Sec. IV, where the current Jµ
is adopted. Finally, Sec. V contains the conclusions and
discussions.
II. THE FRAMEWORK OF QCD
Unlike the model-building approach, a 1−+ exotic me-
son in language of the QCD field theory is described in
terms of a set of Fock states for which each state has the
same quantum number as the exotic meson:
|1−+〉 = ψqq¯ |q¯q〉+ ψqq¯g|qq¯g〉+ ψqq¯qq¯|qq¯qq¯〉+ . . . , (1)
where ψi are distribution amplitudes and the dots denote
the higher Fock states. In contrast to the usual intuition
of people, actually a nonlocal ψqq¯ does not vanish and is
antisymmetric under interchange of momentum fractions
of q¯ and q in SU(3) limit. For instance, projecting a
lowest-lying 1−+ meson (π1) along the light-cone (z
2 =
0), the leading-twist LCDAs φ‖,⊥ are defined as
〈0|q¯1(z) 6zq2(0)|π1(P, λ)〉 = m
2
pi1ǫ
(λ) · z[φ‖],
〈0|q¯1(z)σ⊥νz
νq2(0)|π1(P, λ)〉 = impi1ǫ
(λ)
⊥ p · z[φ⊥], (2)
where the notation [φ‖,⊥] ≡
∫ 1
0 due
−iu¯pzφ‖,⊥(u) and
pµ = Pµ − zµm
2
pi1/(2pz) are introduced with u¯(u) being
the momentum fraction carried by q¯1(q2), and the non-
local quark-antiquark pair, connected by the Wilson line
which is not shown, is at light-like separation. Consider-
ing the G-parity in Eq. (2), it can be known that φ‖,⊥ are
antisymmetric under interchange u ↔ u¯ in SU(3) limit,
i.e., the amplitudes vanish in the z → 0 limit (but not
in the z2 → 0 limit). This property was first used in the
study of the deep exclusive electro-production involving
a lowest-lying 1−+ exotic meson [17]. In analogy to the
leading LCDAs, all twist-three two-parton LCDAs for a
1−+ exotic meson are also antisymmetric under inter-
change u↔ u¯ in SU(3) limit due to the G-parity.
ψqq¯g can be non-vanishing under interchange of mo-
mentum fractions of quarks. Similar to the case of vector
mesons [18], using non-local 3-parton gauge-invariant op-
erators to project amplitudes of the |qq¯g〉, we have three
twist-3 3-parton LCDAs for a 1−+ exotic meson, built
up by a quark, an antiquark, and a gluon, where two of
LCDAs are symmetric under interchange of momentum
fractions of the quark and antiquark in the SU(3) limit,
while one is antisymmetric.
III. EVALUATION OF THE MASS OF THE
LOWEST-LYING 1−+ MESON
Adopting the local gauge-invariant current 1
J(x) = nβnµd¯(x)σαβgsG
α
µ (x)u(x) , (3)
we shall employ the QCD sum rules [19] to evaluate the
mass of the lowest-lying 1−+ exotic meson. J(x) is G-
parity odd, the same as the 1−+ isovector state. The
residue of J coupled to the 1−+ state is defined as
〈0|J(0)|1−+(p, λ)〉 = f⊥3,1−+m1−+(ε
(λ) · n)(p · n) . (4)
The residue constant determines the normalization of one
of twist-3 3-parton LCDAs, and is also the coefficient
with conformal spin 7/2 in the conformal partial wave
expansion for the LCDA [20].
The method of QCD sum rule approaches the bound
state problem in QCD from the perturbative region,
where non-perturbative quantities, such as some con-
densates, may contribute significant corrections in the
OPE series. Through the study of the relevant correla-
tion function and the idea of the quark-hadron duality,
the corresponding hadronic properties, like masses, decay
constants, form factors, etc., can be thus obtained.
We consider the two-point correlation function
i
∫
d4xeiqx〈0|TJ(x)J†(0)|0〉 = Π(q2)(q · n)4 . (5)
1 The other possible choice of the twist-3 current is to consider
nβnαd¯(x)gsγβGµα(x)u(x). One can also consider the 4-quark
operator relevant to the |qq¯qq¯〉 Fock state; however the resulting
sum rule will be clouded by the factorization of condensates.
3It should be noted that J(x) can couple not only to 1−+
sates but also to 0++ states as
〈0|J(0)|0++(p, λ)〉 = −2f3,S(p · n)
2 , (6)
where the lowest-lying state in the 0++ channel is
a0(980). Therefore, to extract the lowest-lying meson
corresponding to the 1−+ channel, at the hadron level
of Eq. (5) we shall consider two lowest-lying states. Our
final result will indicate that one of the two lowest-lying
states is a0(980) and the other one is the lowest-lying 1
−+
meson, i.e., the mass of the latter is lower than that of
the a0(1450), the first excited state in the 0
++ channel.
We approximate the correlation function as
4(f3,a0)
2
m2a0 − q
2
+
(f⊥3,pi1)
2
m2pi1 − q
2
=
1
π
∫ s0
0
ds
ImΠOPE
s− q2
, (7)
where ΠOPE is the OPE result at the quark-gluon level,
and s0 is the threshold of higher resonances. We apply
the Borel transformation to both sides of Eq. (7) to im-
prove the convergence of the OPE series and to suppress
contributions from higher resonances. The sum rule for
the first two lowest-lying states can be written as
4 e−m
2
a0
/M2f23,a0 + e
−m2
pi1
/M2(f⊥3,pi1)
2
=
1
π
∫ s0
0
ds e−s/M
2
ImΠOPE(s) , (8)
where M is the so-called Borel mass. We have checked
that our ΠOPE result is consistent with that given in
Ref. [21], where the authors combine ΠOPE with an-
other correlation function result for calculating the twist-
3 parameter of pseudoscalar mesons. Note that the au-
thors of Ref. [21] did not perform the sum rule analy-
sis as we do here. To improve further the M2 range
of the derived QCD sum rules, we consider the M2
dependence of the various terms using the RG equa-
tion. Thus we need to multiply each OPE term by
a coefficient L(−2γJ+γn)/2b, where L ≡ αs(M)/αs(µ),
γJ = 2(7CF /3+Nc) is the anomalous dimension of J , γn
is the anomalous dimension of the corresponding opera-
tor, and b = (11Nc− 2nf)/3 with Nc and nf being num-
bers of colors and flavors, respectively [22]. The anoma-
lous dimensions of operators appearing in the OPE series
can be found in Ref. [16]. The full RG-improved sum rule
thus reads
4 e−m
2
a0
/M2 [f3,a0(µ)]
2 + e−m
2
pi1
/M2 [f⊥3,pi1(µ)]
2
=
{
αs(µ)
360π3
∫ s0
0
s e−s/M
2
ds+
89
5184
αs(µ)
π2
〈αsG
2〉µ
+
αs(µ)
18π
(mu〈u¯u〉µ +md〈d¯d〉µ)
−
αs(µ)
108π
1
M2
(
mu〈u¯gsσGu〉µ +md〈d¯gsσGd〉µ
)
L14/3b
+
71
729
[αs(µ)]
2
M2
(〈u¯u〉2µ + 〈d¯d〉
2
µ)L
(b−8)/b
−
32
81
[αs(µ)]
2
M2
〈u¯u〉µ〈d¯d〉µL
(b−8)/b
}
L(b−γJ )/b . (9)
To subtract the contribution arising from the lowest-
lying scalar meson, we further evaluate the following non-
diagonal correlation function
i
∫
d4xeiqx〈0|TJ(x)u¯(0)d(0)|0〉 = Π¯(q2)(q · n)2 , (10)
where the scalar current can couple to the lowest-lying
scalar meson a0(980):
〈0|u¯(0)d(0)|a0(980)〉 = ma0fa0 . (11)
A similar non-diagonal correlation function was carried
out in Ref. [21], where there are additional γ5’s in two
currents. Similarly, we thus obtain
2 e−m
2
a0
/M2f3,a0(µ)fa0(µ)ma0
=
{
αs(µ)
72π3
L−1
∫ s¯0
0
s e−s/M
2
ds+
1
12π
〈αsG
2〉µL
−1
−
αs(µ)
9π
(mu〈u¯u〉µ +md〈d¯d〉µ)L
−1
+
2αs(µ)
9π
(mu〈d¯d〉µ +md〈u¯u〉µ)L
−1
×
[
8
3
+ γE + ln
µ2
M2
− Ei
(
−
s0
M2
)]
+
1
6M2
(
mu〈d¯gsσGd〉µ +md〈u¯gsσGu〉µ
)
L(14−3b)/3b
+
16
27
παs
M2
(〈u¯u〉2µ + 〈d¯d〉
2
µ)L
−8/b
−
16
9
παs
M2
〈u¯u〉µ〈d¯d〉µL
−8/b
}
L(2b−γJ )/2b . (12)
Note that the RG-improvement for QCD sum rule re-
sults is very important. For instance, L(2b−γJ)/2b = 1
(or L(b−γJ)/b = 1) at M2 = 1 GeV2, while the value be-
comes 0.93 (or 1.08) at M2 = 2 GeV2. In calculating
the mass sum rule for the lowest-lying 1−+ exotic state,
in Eq. (9) we substitute f3,a0 with the expression given
in Eq. (12), where use of fa0 = (0.380± 0.015) GeV and
s¯0 = (3.0 ± 0.2) GeV
2 have been made [23]. In the nu-
merical analysis, we shall use the following values at the
scale µ = 1 GeV:
〈αsG
a
µνG
aµν〉 = (0.474± 0.120) GeV4/(4π) ,
〈u¯u〉 ∼= 〈d¯d〉 = −(0.24± 0.01)3 GeV3 ,
〈u¯gsσGu〉 ∼= 〈d¯gsσGd〉 = (0.8± 0.1)〈u¯u〉 ,
(mu +md)/2 = (5± 2) MeV .
(13)
Consequently, the mass sum rule for the lowest-lying 1−+
resonance can be obtained by taking the logarithm of
both sides of Eq. (9) and then applying the differential
operator M4∂/∂M2 to them. We choose the the Borel
window 1 GeV2 < M2 < 2 GeV2, where the contribution
originating from higher resonances (and the continuum),
which is defined as
1
pi
∫∞
s0
ds e−s/M
2
ImΠOPE(s)
1
pi
∫∞
0 ds e
−s/M2 ImΠOPE(s)
, (14)
4is less than 53% and the highest OPE term at the quark-
gluon level is no more than 13%. Both are well under con-
trol. To obtain a reliable estimate for the mass sum rule
result, the contributions arising from higher resonances
and the highest OPE term at the quark-gluon level can-
not be too large. The excited threshold s0 can be deter-
mined when the most stable plateau of the mass sum rule
result is obtained within the Borel window. Note that no
stable plateau can be obtained for the mass sum rule if
the sum rule result does not contain the RG-corrections.
(See also the discussions in Sec. IV.)
Numerically, we get the mass for the lowest-lying 1−+
exotic meson:
mpi1 = (1.26± 0.15) GeV, (15)
corresponding to s0 = 2.5 ± 0.7 GeV
2. The result for
mpi1 versus M
2 is shown in Fig. 1, where the mass is
very stable within the window. From Eq. (15), we know
that the second lowest-lying meson for states coupling to
the operator J should not be a0(1450) since the resulting
mass is lower than the experimental result of ma0(1450) =
(1.474 ± 0.019) GeV [1]. It should be stressed that the
procedure for performing the RG-improvement on the
“mass” sum rule is very important. If the anomalous
dimension of the current J was neglected, the stable sum
rule could not be obtained within the Borel window and
the resulting mass was reduced by 300 MeV.
We further study the existence of the 1−+ nonet. In
evaluating the mass for the lowest-lying strange 1−+
exotic meson, we use ms(1 GeV) = (135 ± 15) MeV,
〈s¯gsσGs〉/〈u¯u〉 ≈ 〈s¯gsσGs〉/〈u¯u〉 = 0.85 ± 0.05 as ad-
ditional inputs. Because it is still questionable whether
the κ(800) exists, we therefore consider the following two
possible scenarios. In scenario 1, the κ(800) is treated
as the lowest-lying strange scalar meson with mass being
0.8 ± 0.1 GeV and fκ = 0.37 ± 0.02 GeV, which corre-
sponds to s¯0 = 2.9 ± 0.2 GeV
2, while in scenario 2, the
K∗0 (1430) is considered as the lowest-lying strange scalar
meson with fK∗
0
(1430) = 0.37 ± 0.02 GeV, which corre-
sponds to s¯0 = 3.6± 0.3 GeV
2. (The values are updated
from Ref. [23].) The results are depicted in Fig. 2. Using
an arbitrary set of allowed inputs, within the Borel win-
dow, the mass is stable only for scenario 2, which hints
that the κ may not be a real particle or suitable in the
sum rule study due to its large width. Because it is not
stable in scenario 1, we assume s0 = 2.6 ± 0.7 GeV
2,
consistent with the case of π1. The result in scenario 2 is
mK∗(1−+) = 1.31± 0.19 GeV, (16)
corresponding to s0 = 2.3± 0.9 GeV
2.
IV. THE MASS SUM RULE, AS DERIVED
FROM THE CORRELATION FUNCTION GIVEN
IN THE LITERATURE, REVISITED
Before concluding this paper, to clarify why our result
given in the previous section differs from those given in
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FIG. 1: The mass for the lowest-lying 1−+ exotic meson as
a function of the Borel mass squared M2. The solid curve
is obtained by using the central values of input parameters.
The region between two dashed lines is variation of the mass
within the allowed range of input parameters.
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FIG. 2: The same as Fig. 1 but for the mass of the lowest-lying
strange 1−+ exotic meson. The light (blue) and heavy (red)
curves are for scenario 1 and 2, respectively, corresponding to
s0 = 2.7± 0.7 and 2.3± 0.9 GeV
2. .
the literature, where a larger mass (& 1.55 GeV) for the
lowest-lying 1−+ hybrid meson was obtained, we take
into account the following correction function
i
∫
d4xeiqx〈0|Jµ(x)J
†
ν (0)|0〉
= (qµqν − q
2gµν)Πv(q
2) + qµqνΠs(q
2) , (17)
with
Jµ(x) = id¯(x)γαgsG
α
µ (x)u(x) , (18)
which was adopted in Refs. [13, 14]. The resulting sum
rule can be written in the following form
e−m
2
pi1
/M2m4pi1(f4,pi1)
2 =
1
π
∫ s0
0
ds e−s/M
2
ImΠOPEv (s) ,
(19)
where
〈0|Jµ(0)|π1(p, λ)〉 = f4,pi1m
2
pi1ε
(λ)
µ . (20)
5The f4,pi1 determines the normalization of twist-4 LCDAs
of the lowest-lying 1−+ meson. The detailed OPE result
for Πv can be found in Refs. [13, 14], where the radiative
corrections have been calculated.
The mass can then be obtained by applying
(M4∂/∂M2 ln) to both sides of Eq. (19). Before pro-
ceeding, three remarks are in order. First, although the
anomalous dimension of Jµ was computed in Ref. [13],
such a correction was not taken into account in Refs. [13,
14]. The scale dependence of the operator Jµ is given
by Jµ(M) = Jµ(µ)L
32/(9b) [13]. Second, the scale-
dependence of the strong-coupling constant is ignored
in Refs. [13, 14]. Third, for theoretical completeness,
the RG effect should be included in the mass sum rule
(19) as done in Eq. (9), so that the right hand side
of Eq. (19) should be multiplied by the overall factor
L1−64/(9b). Such a factor equal to 1 at M2 = 1 GeV2,
but becomes ∼ 0.95 at M2 = 2 GeV2.
In Fig. 3, we plot the mass sum rule as a function of
the Borel mass squared within 1 GeV2 < M2 < 2 GeV2.
The light curves (the upper set) are the results,2 where
we simply fix the scale at 2 GeV for input parameters
and use s0 = 4 GeV
2, which consist with that obtained
by Jin and Ko¨rner [14] (see Fig. 3 in Ref. [14]). Moreover,
if RG effects are not considered, as in Ref. [14], there is
no plateau for any value of s0. Nevertheless, the stable
plateau can be reached for a typical value of s0 if we take
into account the RG corrections in the sum rule. See the
heavy curves (the lower set) in Fig. 3. The corresponding
results are
mpi1 = (1.18± 0.09) GeV,
s0 = (2.4
+0.4
−0.2) GeV
2 , (21)
where the errors are due to variation of the input param-
eters. Note that the plateau covers the range for M2 ∼
1.5 GeV2. Unfortunately, for 1 GeV2 < M2 < 2 GeV2
and s0 = 2.4 GeV
2, the contribution originating from
higher resonances (and the continuum) lies between 72%
and 95%, which is too large, so that the resulting mass
is less reliable.
V. CONCLUSIONS AND DISCUSSIONS
In this work we have studied the mass of the lowest-
lying 1−+ hybrid meson using the QCD sum rule tech-
nique. Instead of Jµ(x) = id¯(x)γαgsG
α
µ (x)u(x) which
is always adopted in the literature, we use, for the first
2 In Ref. [13], Chetyrkin and Narison use the finite energy sum rule
approach in the analysis and argue that s0 may lie between 3.5
GeV2 and 4.5 GeV2. They obtain the mass of the lowest-lying
1−+ hybrid meson to be 1.6 ∼ 1.7 GeV. In their analysis, the
used parameter 1/τ roughly agrees with M2 ≈ (1.6 ∼ 2) GeV2.
We thus find that the light curves in Fig. 3 are consistent with
the result obtained by Chetyrkin and Narison.
time,
J(x) = zβzµd¯(x)σαβgsG
α
µ (x)u(x) ,
as the interpolating current of the lowest-lying 1−+ hy-
brid meson. Our main results are as follows:
• Using J as the interpolating current of the 1−+ ex-
otic mesons, which are the so-called 1−+ hybrid
mesons (see the discussions in Sec. II), we have
obtained the mass for the lowest-lying 1−+ exotic
meson to be (1.26 ± 0.15) GeV. The threshold of
excited states, s0, as well as the resulting mass
can be thus determined due to the existence of
the most stable plateau of the mass sum rule re-
sult within the Borel window, where the contribu-
tions arising from the resonances and the highest
OPE term at the quark-gluon level are well un-
der control. The plateau for the mass result versus
the Borel mass squared exists only when the RG-
corrections are taken into account in the sum rule.
Our result is in good agreement with the world av-
erage of data for the mass of π1(1400), which is
mpi1(1400) = (1.376± 0.019) GeV.
• On the other hand, to clarify the discrepancy be-
tween our result and those given in the literature
for which Jµ is used as the interpolating field of
the 1−+ hybrid meson, we have reexamined the
previous sum rule calculation. (See Sec. IV.) As
in Ref. [14], the curve for the resulting mass ver-
sus the Borel mass squared has no plateau region
for any value of s0 if RG corrections are not con-
sidered. Unfortunately, with RG-corrections, the
plateau covers the range forM2 ∼ 1.5 GeV2, where
the contribution arising from higher resonances is
& 80% in the sum rule result, so that the resulting
mass is less reliable.
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FIG. 3: The same as Fig. 1 but from the sum rule given
in Eq. (19). The heavy (red) curves are obtained from RG-
improved sum rule, where the solid curve corresponds to s0 =
2.4 GeV2. The light (blue) curves, using s0 = 4.0 GeV
2 and
the scale µ = 2 GeV for αs and remaining parameters, do not
contain RG corrections.
6• Using J in the sum rule study, we also ob-
tain the mass for the strange 1−+ hybrid meson:
mK∗(1−+) = 1.31± 0.19 GeV. In the Particle Data
Book (PDG) [1], the two strange mesons, K∗(1410)
and K∗(1680), are currently assigned to be 23S1
and 13D1 states, respectively. However, because
the K∗(1410) is too light as compared with the re-
maining 23S1 nonet states, therefore it could be
replaced by K∗(1680) as the 23S1 state. If so, our
result hints that the K∗(1410) is very likely to be-
long to the lowest-lying 1−+ nonet.
• We have presented a discussion for properties of
the 1−+ exotic meson (which is usually called the
1−+ hybrid meson) based on the QCD field the-
ory. Although q-q¯-g Fock states of the exotic me-
son are suppressed (see also discussions in Sec. I),
the twist-2 distribution amplitudes, which are anti-
symmetric under interchange of the quark and anti-
quark momentum fractions in the SU(3) limit, give
main contributions to the deep exclusive electro-
production involving a lowest-lying 1−+ exotic me-
son. Thus, from the point of view of QCD, the
cross section of the above reaction is still sizable
and the exotic (hybrid) meson can be studied in
experiments at JLAB, HERMES or Compass [17].
Furthermore, because of the non-small first Gegen-
bauer moment of the twist-2 distribution ampli-
tudes, the branching ratios for two-body B decays
involving the π1(1400) [24] could be of order 10
−6,
which are easily accessible at the B factories.
In conclusion, we may have evidence for the existence
of 1−+ exotic mesons. These states are allowed in Quan-
tum Chromodynamics but not in the conventional quark
model. Theorists tried to predict these states, especially
with mass . 1.6 GeV, but did not succeed. In this paper,
we have shown that the π1(1400) state is indeed expected
in QCD. We also predict the mass of the lowest-lying
strange 1−+ exotic meson which is a little larger than
mpi1(1400). Thus, the observation of the π1(1400) state
can be the direct evidence of QCD in explaining the con-
finement mechanism of strong interactions.
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